Although molecular evolution often appears to proceed in a clocklike fashion, examples to the contrary are increasing in number. Our study compares rate of cytochrome-b evolution in 21 rodent species, each of which belongs to a different genus. In these comparisons, substitutions at synonymous sites appear to be saturated, precluding inferences about rate of synonymous substitution. Rate of nonsynonymous substitution differs significantly among many of the rodents studied. However, the cause or causes of these differences in substitution rate remains in question. Differences in generation time, body size, or metabolic rate do not seem to be associated with rate of nonsynonymous substitution in these rodents. Effective population size remains a viable explanation of the observed rate heterogeneity. However, we suggest that a search for simple causes of differences in rate of molecular evolution may be difficult in light of numerous aspects of an organism's biology that may together influence evolutionary rates over space and time.
In studying the evolutionary history of living organisms, it is desirable to know not only the sequence of evolutionary events that has lead to extant taxa and their current geographic distributions but also approximately when these events took place. In some cases, the fossil record (often used in conjunction with molecular data) is invaluable in determining timing of events, but reliance on fossil data is not without problems (Hillis and Moritz 1990; Springer 1995) . Determining the approximate time of divergence between organisms based on molecular-clock calibrations has become common in phylogenetic and biogeographic studies (e.g., Arbogast 1999; Riddle 1995; Suzuki et al. 1999) . Often sequence divergence and time since divergence are used to develop a molecular clock for organisms that do have a good fossil record. This * Correspondent: theresa,spradling@uni.edu clock is then used to determine time since divergence for organisms that have a poor or nonexistent fossil record. Using a molecular clock derived from 1 set of organisms to determine divergence times in another relies on the assumption that both sets of organisms have evolved at similar rates. Relative-rate tests, which compare the amount of unique genetic change in each of 2 lineages, can be used to determine the validity of this assumption.
Certain studies aimed at determining the cause of observed heterogeneity in rate of evolution have used fossil dates to estimate absolute rates of change (percent sequence divergence per million years; e.g., Martin and Palumbi 1993) . However, fossil dates can be unreliable for these purposes (Hillis and Moritz 1990; Springer 1995) . Furthermore, occurrence of multiple substitutions at nucleotide sites requires that appropriate statistical corrections be made when estimating levels of sequence divergence (Slowinski and Arbogast 1999) . Multiple substitutions at nucleotide sites will have occurred in greater numbers in organisms with older divergence times than in organisms with younger divergence times. If models of molecular evolution do not correct for multiple substitutions in estimates of sequence divergence, more underestimation of sequence divergence will occur as the time since divergence between taxa increases, potentially causing rates of evolution to appear more different than they actually are (Slowinski and Arbogast 1999) . Relative-rate tests also are subject to effects of saturation; however, relative-rate tests compare 2 taxa at a time over the same time span. If the 2 lineages have the same number of nucleotide sites that are free to vary (Palumbi 1989) , saturation likely would impact relative-rate tests by masking differences in rate of evolution rather than causing taxa with similar rates of evolution to appear different. Therefore, if levels of substitutional saturation are not excessively high, relative-rate tests provide a useful approach for exploring possible relationships between organismal characteristics (such as generation time, metabolic rate, and effective population size) and rate of evolution.
Many studies have demonstrated different rates of molecular evolution in different lineages, but not all studies have reached similar conclusions as to the cause of this rate heterogeneity (Bromham et al. 1996; Irwin and Arnason 1994; Martin and Palumbi 1993; Mindell et al. 1996; Nedbal et al. 1996; Nunn and Stanley 1998; Zhang and Ryder 1995) . Within rodents, relativerate tests have shown that a higher rate of evolution occurs in the mitochondrial cytochrome-b gene of 2 pocket gophers, Cratogeomys castanops and Pappogeomys bulleri, than in that of 2 muroid rodents, Mus musculus and Rattus norvegicus (DeWalt et al. 1993) . Moreover, the cause of the more rapid rate of cytochrome-b evolution observed in pocket gophers is not consistent with frequently cited explanations for rate differences among animal taxa (Martin and Palumbi 1993) . For example, pocket gophers have similar, or slightly longer, generation times than do M. musculus and R. norvegicus (Nowak 1991) . According to the generation-time hypothesis (Laird et al. 1969) , pocket gophers would be expected to have equal or slightly slower rates of evolution than either M. musculus or R. norvegicus. Furthermore, metabolic rates of fossorial rodents, such as pocket gophers, tend to be lower than expected for their body sizes (Contreras and McNab 1990; McNab 1988) and are lower than metabolic rates measured for M. musculus and R. norvegicus (McNab 1988; Pearson 1947) . This low metabolic rate in pocket gophers also might be expected to result in lower rates of evolution (Martin and Palumbi 1993) . Finally, the fact that pocket gophers and the muroid rodents belong to the same rodent suborder (Sciurognathi-Wilson and Reeder 1993) might lead to a prediction of similar evolutionary rates in the 2 groups. Thus, a number of factors, including generation time, metabolic rate, and phylogeny, suggest that pocket gophers should have an equivalent or slower rate of DNA substitution relative to the muroid rodents. The fact that relative rate of evolution among these rodents cannot be explained based on current hypotheses (DeWalt et al. 1993) suggests the need for further study.
To learn more about the cause and phylogenetic extent of the rate heterogeneity observed by DeWalt et al. (1993) , tests of relative rates of evolution were conducted using C. castanops, P. bulleri, M. musculus, R. norvegicus, and 17 additional rodent species (Table 1) . Rodents were chosen to address several hypotheses relating to the cause of previously observed differences in rate of evolution, including potential effects of fossoriality, generation time, metabolic rate, and population size. Taxonomic sampling of rodents was designed to permit examination of relative rates of molecular evolution among rodents that have a wide Lara et al. 1996 ; 7) Ma et al. 1993; 8) Thomas and Martin 1993. variety of life-history traits and different degrees of genetic relatedness.
MATERIALS AND METHODS
Previously published cytochrome-b sequences were used in conjunction with others generated specifically for this study (Table 1) . Genomic DNA was isolated from liver or kidney tissues following . The cytochromeb gene was amplified using the polymerase chain reaction with Thermus aquaticus DNA polymerase (Promega, Madison, WisconsinSaiki et al. 1986 , 1988 . Double-and singlestranded amplifications and sequencing reactions were performed using various combinations of the following primers, depending on the rodent species being examined: L14724 (Irwin et al. 1991) , L15049 (5Ј-GCCTGTACATCCACA-TCGGACGAGG-3Ј), L15171 (5Ј-CCATGAG-GACAAATATCATTCTGAGG-3Ј), L15408 (5Ј-CAGATTGCGGCAAAGTACCATTCCA-3Ј), L15513 (Irwin et al. 1991) , H15154 (''MVZ04'' in Smith and Patton 1993) , H15579 (5Ј-CCTAGTTTATTTGGAATGGATCGTAG-3Ј), H15906 (5Ј-CATTTCCGGTTTACAAGACCA-GTGTAAT-3Ј), and H15915 (Irwin et al. 1991) . Primer names indicate the DNA strand (H ϭ heavy or L ϭ light) and the position of the 3Ј end of the oligonucleotide sequence relative to the human sequence (Anderson et al. 1981) .
Double-stranded polymerase chain reaction amplifications were performed in 50-l reaction volumes, usually using primers L14724 with H15154; L15049 with H15579, H15906, or H15915; and L15513 with H15906. Each reaction included 3 l of each primer (10 M), 2 l of MgCl 2 (10 mM), 2 l of deoxynucleosidetriphosphate mixture (deoxyadenosine triphosphate [dATP], deoxyguanosine triphosphate [dGTP], deoxycytosine triphosphate [dCTP] , and deoxythymidine triphosphate [dTTP] , each 1 mM), 5 l of 10ϫ Taq buffer, and 0.25 l of Taq DNA polymerase. Between 34 and 38 polymerase chain reaction cycles were performed with the following thermal-cycling parameters: 1-min denaturation at 95ЊC, 1-min annealing at 50-57ЊC, and 1-to 1.5-min extension at 72ЊC. Often, the first 4 polymerase chain reaction thermal cycles were performed with lower annealing temperatures, 38-45ЊC.
For double-stranded polymerase chain reaction products that were difficult to sequence, a 5-l sample of the double-stranded product was used to generate single-stranded DNA. Asymmetric polymerase chain reactions using only 1 primer were performed under the same conditions as the symmetric reactions described above. About 35 thermal cycles were performed under the same regime as that used in the last cycles of the symmetric reactions. Before sequencing, the double-or single-stranded polymerase chain reaction product was purified using polymerase chain reaction Select III spin columns (5 prime → 3 prime, Inc., Boulder, Colorado). Sequencing reactions were performed using T7 DNA polymerase (Sequenase version 2.0, United States Biochemical, Cleveland, Ohio) following standard dideoxy chain-termination protocols (Sanger et al. 1977 ) and modifications recommended by the manufacturer.
Presumed amino-acid sequences based on nucleotide sequence data, number of potentially phylogenetically informative nucleotides, and pairwise numbers of transitions, transversions, synonymous substitutions, and nonsynonymous substitutions were assessed using the MacSequence program (version 4.2, D. A. Good, in litt.) . This program uses amino-acid sequences to determine silent versus replacement changes and provides matrices of changes by codon position and type (transitions versus transversions).
Heterogeneity in rate of evolution was assessed in several ways. One method involved using a likelihood-ratio test (Huelsenbeck and Rannala 1997) to compare fit of the data to an assumed topology with and without the assumption of a molecular clock. To generate the best maximum-likelihood tree for these data without the assumption of a clock, we followed Nunn and Stanley (1998:1362) with the following minor differences. Using PAUP* (Swofford 1998), we generated a single most-parsimonious tree that corresponded well with currently understood phylogenetic relationships among rodents (10 heuristic searches, equal weights for all positions and all substitution types). Next, we determined the likelihood score for this topology under a variety of models of molecular evolution available in PAUP*. The general time-reversible model was chosen for subsequent analyses because it yielded a better approximation of the rodent cytochrome-b data, as assessed by likelihood-ratio tests (Huelsenbeck and Rannala 1997) , than models with fewer parameters. The rate matrix, among-site rate variation (alpha ϭ 0.446150), and number of invariant sites FIG. 1.-Maximum-likelihood analysis of rodent relationships based on 1,140 base pairs of DNA sequence. Bootstrap values are shown for nodes found in Ͼ50% of 100 heuristic-search replicates generated using general time-reversible parameters.
(0.457895), were estimated by PAUP*, and those numbers were employed in subsequent heuristic searches until the best maximum-likelihood score was obtained Ն5 times in multiple searches under random taxon-input orders. The same parameters were used to generate a maximum-likelihood tree with molecular clock constraints. The likelihood-ratio test was then used to compare the likelihood of general time-reversible trees generated under the above conditions with and without the assumption of a molecular clock.
Relative-rate tests were performed using the Codrates program (Muse and Gaut 1994) modified for vertebrate mitochondrial DNA (mtDNA). That approach used the codon as the unit of evolution and treated synonymous and nonsynonymous substitutions separately, accounting for relationships among nucleotides within a codon (Muse and Gaut 1994) . The test involved building a maximum-likelihood tree for 2 ingroup taxa and 1 outgroup. This tree was then compared with additional trees in which either synonymous or nonsynonymous substitution rates were constrained to be equal in both ingroup taxa. If the constrained tree was judged significantly less likely than an unconstrained tree by a likelihood-ratio test (which approximates a chi-square distribution-Muse and Gaut 1994), then the null hypothesis of equal rates of substitution among the ingroup taxa was rejected. To represent results of the many relative-rate tests performed using Codrates (Muse and Gaut 1994) , unweighted pair-group method using arithmetic averages was used to cluster likelihood-ratio scores and branch-length ratios (R Package; Legendre and Vaudor 1991) .
Rates of evolution among rodents were examined further using relative-rate tests (Li and Graur 1991) on numbers of synonymous and nonsynonymous substitutions observed in pairwise comparisons of taxa. The binomial test (Mindell and Honeycutt 1990 ) was used to determine if differences were statistically significant based on a 2-tailed test (Allard and Honeycutt 1992; DeWalt et al. 1993) .
RESULTS AND DISCUSSION

Relative Rates of Evolution
Sequence data for the 1,140 base pairs of the cytochrome-b gene of 21 rodents and the domestic rabbit (Oryctolagus cunniculus) yielded 621 variable characters, 533 of which were potentially parsimony informative. Within the ingroup taxa (i.e., excluding the rabbit sequence), 615 variable nucleotide positions were found, 529 of which were potentially parsimony informative. Of the 380 characters in the presumed amino-acid sequence, 129 were variable and 115 were potentially parsimony informative. Maximum-likelihood analysis performed without the assumption of a molecular clock indicated relationships largely consistent with currently understood phylogenetic relationships (Fig. 1) .
Where rodent species relationships are known with some certainty, this information was used to choose potential outgroup species for relative-rate tests. We chose the domestic rabbit as an outgroup for compar- isons between rodent species because several lines of evidence indicate that the Lagomorpha is the most likely sister group to the Rodentia (Honeycutt and Adkins 1993; Luckett and Hartenberger 1993) . For simplicity, only tests using O. cunniculus as an outgroup are discussed here, but choice of outgroup did not significantly alter results of maximum-likelihood relative-rate tests.
A likelihood-ratio test (Huelsenbeck and Rannala 1997) indicated that a significantly better fit of the data to the maximum-likelihood tree occurred when a molecular clock was not assumed (Ϫln ϭ 13,144) than when a molecular clock was assumed (Ϫln ϭ 13,164; 2 ϭ 40.00, P Ͻ 0.01). Therefore, evidence existed for heterogeneity in overall rate of evolution among these rodents. Individual relative-rate tests also indicated many significant differences in overall rate of substitution. Overall rates of substitution were divided into synonymous substitutions and nonsynonymous substitutions and discussed below. Results of individual relative-rate tests can be viewed and downloaded at the URL: http:// www.cns.uni.edu/ϳspradlin/rates.html.
Synonymous substitutions.-Based on the rodent cytochrome-b sequences, it is not possible to draw any firm conclusions concerning the relative rates of evolution of synonymous sites among rodents. Considerable saturation seems to exist in synonymous substitutions (Fig. 2) . Considering the lengthy time since divergence of many of these taxa (considerably Ͼ 35 million years for some comparisons -Hartenberger 1985) , that substitutional saturation was not surprising. Several significant differences in rate of synonymous substitution were shown by the maximum-likelihood test. However, significant differences in rate of synonymous substitution were viewed with caution because many of those comparisons were not significant based on the 2-tailed binomial test. For those taxa that do not show significant differences in rate of synonymous substitution, multiple substitutions at many of the more freely evolving nucleotide positions may or may not have masked real rate heterogeneity. Therefore, some evidence existed of heterogeneity in rate of synonymous substitution. Nevertheless, saturation at synonymous sites may have rendered data unreliable for determining which taxa have accumulated the greatest number of changes over time, and we cannot draw conclusions about synonymous substitutions here.
Nonsynonymous substitutions.-Nonsynonymous substitutions appear to be far less saturated than are synonymous substitutions. A test of phylogenetic signal based on 1,000,000 randomly generated, equally weighted parsimony trees produced by PAUP* (Swofford 1998) showed that the complete rodent cytochrome-b data were significantly more structured than random data (g 1 ϭ Ϫ0.669901, P Ͻ 0.01-Hillis and Hulsenbeck 1992). Given observed saturation in synonymous substitutions, it was likely that the majority of that phylogenetic signal came from nonsynonymous substitutions.
Nonsynonymous substitutions show clear evidence of substitution rate heterogeneity among rodent species analyzed, based on FIG. 3.-Analysis of rate of nonsynonymous substitution with the unweighted pair-group method using arithmetic averages. Pairwise comparisons of likelihood-ratio scores are clustered into groups of taxa with similar rates of nonsynonymous substitution. A value of 3.84 (*) is a statistically significant difference in rate of evolution in this analysis. Rodents designated as having a slower rate of nonsynonymous substitution have shorter maximum-likelihood branch lengths when compared with rodents with faster substitution rates.
the binomial test and maximum-likelihood relative-rate tests. Because it was difficult to draw clear patterns from this large number of comparisons, cluster analysis of the results of the maximum-likelihood relativerate tests was used to show groups of rodents with similar rates of nonsynonymous substitution. Using likelihood-ratio scores from the relative-rate tests as a measure of difference in rate of evolution, the cluster analysis indicated 2 major groups of rodents with significantly different rates of nonsynonymous substitution ( 2 ϭ 4.3, P ϭ 0.038; Fig. 3 ). Branch-length ratios were generated by comparing branch lengths of both ingroup taxa in each of the unconstrained maximum-likelihood trees generated by Codrates (Muse and Gaut 1994) . Those ratios provided an approximation of the amount of difference in rate of evolution between taxa (S. V. Muse, in litt.). Cluster analysis of branch-length ratios was consistent with results of cluster analysis of likelihood-ratio scores in yielding 2 distinct groups of taxa (Hystrix, Marmota, Mus, Rattus, Sciurus, and Spermophilus comprised 1 group, and all other taxa comprised another; Fig. 3 ). Examination of branch lengths from those maximum-likelihood analyses further indicated that Hystrix, Marmota, Mus, Rattus, Sciurus, and Spermophilus have slower rates of nonsynonymous substitution than do the other rodents examined (Fig. 3) .
Based on comparisons of maximum-likelihood branch lengths from the relative-rate tests performed using Codrates, the nonsynonymous substitution rate differed between rodents by 2.3-fold or less. The average ratio of maximum-likelihood branch lengths observed between rodent pairs with significantly different rates of nonsynonymous substitutions was 1.8:1. Overall substitution rates (including both nonsynonymous and synonymous substitutions) probably cannot be reliably assessed given the level of saturation that we suspect is present at synonymous sites (Fig. 2) .
Statistical significance of rate heterogeneity.-The relative-rate tests described herein represent 210 tests of significance (43 at P Ͻ 0.05; 18 at P Ͻ 0.01 level). Those tests were not statistically independent, so the number of significant tests may have been somewhat inflated. The groupwide type I error rate was potentially high with that number of tests, and it was likely that we incorrectly rejected Ն 1 true null hypotheses using a 5% significance level for each test (Rice 1989) . Therefore, some correction factor is desirable if the individual tests of significance are to be interpreted (Rice 1989) . The sequential Bonferroni correction factor is the only available approach to data such as these. Nedbal et al. (1996) used a sequential Bonferroni correction (Rice 1989) in their analysis of similar data, considering all pairwise comparisons of a taxon to be a family of tests (they examined slightly fewer taxa than are included here). Using this approach, our initial table-wide significance level for the 20 comparisons made for each rodent species was 0.0025 (ϭ 0.05/20), meaning that only 1 of the rate comparisons is statistically significant. Although the level of difference in rates of evolution that is required for statistical significance decreases slightly with each comparison in a sequential Bonferroni test (Rice 1989) , we believe that the Bonferroni approach sets an excessively high standard for significance when so many comparisons are made. Setting such a high standard for significance increases the likelihood of making type II errors (failing to recognize true heterogeneity in rate of evolution where heterogeneity exists). In light of a lack of an acceptable correction factor, we focused on the overall pattern of rate heterogeneity indicated by the relative-rate tests rather than the results of each individual test of significance.
Despite difficulties in interpreting significance levels of pairwise comparisons, the rate heterogeneity seems to have a clear pattern (Fig. 3) . In the analysis with the unweighted pair-group method using arithmetic averages, rodent species were divided into 2 groups that differed ( 2 ϭ 4.3, P ϭ 0.038). The likelihood-ratio test comparing tree scores with and without the constraint of a molecular clock also suggested substitution-rate heterogeneity within the Rodentia. Without some objective measure for dealing with the group-wide type I error rate for such a large group of tests, we cannot designate between comparisons that are statistically significant and those that are not. However, we are confident in proposing that the data do indicate heterogeneity in rate of nonsynonymous substitution among the rodents examined.
Potential Causes of Differences in
Rate of Evolution Phylogenetic effect.-Of the 21 species of rodents examined in this analysis, the pocket mouse Chaetodipus penicillatus (Heteromyidae) is most closely related to pocket gophers (Geomyidae). C. penicillatus also shares with pocket gophers a relatively high rate of cytochrome-b evolution (Fig. 3) , which may reflect a phylogenetic (or lineage) effect on rate of evolution. However, a rapid rate of cytochrome-b evolution is not exclusive to the geomyid-heteromyid lineage. In many cases, substitution rate ( Fig. 3) does not correspond well with phylogeny (Fig. 1) . For example, the most slowly evolving group includes members of different rodent suborders (Hystricognathi and Sciurognathi). Likewise, the rapidly evolving group includes members of both suborders. Despite these discrepancies between phylogeny and rate of nonsynonymous substitution, members of the same family seem to show similar rates of nonsynonymous substitution. Therefore, the substitution-rate heterogeneity observed here possibly has an historical component.
Fossoriality and life history.-All 7 fossorial genera examined (including the 4 genera of geomyids, plus Spalax, Heterocephalus, and Ctenomys) were clustered among the more rapidly evolving taxa (Fig.  3) . This might suggest that the fossorial lifestyle is associated with a high rate of nonsynonymous cytochrome-b substitutions. However, presence of several nonfossorial genera in the faster rate group indicates that the fossorial lifestyle certainly is not the sole determinant of rate of nonsynonymous substitution in the cytochrome-b gene of rodents. Furthermore, we know of no life-history characteristics, ecologic factors, or morphologic features that separate slowly evolving rodents from rapidly evolving rodents. If different levels of selective constraint act on the cytochrome-b genes of different rodents, thereby producing evolutionary rate heterogeneity, then Nowak (1991) ; where estimates of generation time are unavailable, data from the most similarly sized congeneric taxon available are shown (designated by parentheses).
b Gestation period plus time to 1st reproduction. c Rate groups are based on results of cluster analysis (Fig. 3) .
differences in selective constraint do not seem to be the result of differences in any obvious environmental or morphologic parameter. Generation time.-Short generation time has long been considered a factor that may increase mutation rate (Laird et al. 1969) , which may in turn increase overall rate of evolution. The range of generation times of rodents (Table 2 ) allowed us to test the generation-time hypothesis. Generation times range from slightly over 2 months in Mus to about 2 years in Coendou. Furthermore, new litters can be produced nearly every month in certain taxa (Mus and Rattus) or as rarely as once a year in others (Table 2) . When rodents were divided into the 2 groups with significantly different nonsynonymous-substitution rates (Fig. 3) , no significant association was found with generation time (Mann-Whitney U-test, U ϭ 29.0, P ϭ 0.81) or average length of time between successive births (U ϭ 34.5, P ϭ 0.88). Therefore, generation time alone seems to be a poor predictor of relative rate of cytochrome-b evolution among rodents.
Metabolic rate.-Other potential correlates of mutation rate are body size and metabolic rate. Smaller organisms, which generally have higher metabolic rates, may show higher rates of nucleotide substitution (Martin and Palumbi 1993; Nunn and Stanley 1998) . Among the rodents studied here, no apparent relationship was found between rate of nonsynonymous substitution and either body size or metabolic rate (Table 3) . Metabolic rates of slowly evolving rodents span the entire range of metabolic rates ex-amined. For example, Marmota flaviventris has the lowest estimated metabolic rate of all rodents studied here, the other 2 sciurids have metabolic rates just below the mean rate, and Mus and Rattus have the highest metabolic rates of all rodents included in this study. No association was observed when metabolic rate was compared with the 2 significantly different nonsynonymoussubstitution rate classes (U ϭ 33.0, P ϭ 0.53; Fig. 3) . Likewise, body mass (Table  3) showed no significant association with nonsynonymous substitution rate (U ϭ 30.0; P ϭ 0.78).
Population size.-Proponents of neutral theory have suggested that effective population size and generation time are factors that oppose one another, such that rate of evolution of nonsynonymous substitutions (those most likely to be exposed to selection) is constant on a per-year basis (Chao and Carr 1993; Ohta 1993 Ohta , 1995 . If rate of evolution results from a dynamic balance between population size (which determines number of opportunities for new mutations and likelihood of fixation by drift) and generation time (which may determine the likelihood of mutations occurring), then evolutionary-rate heterogeneity may be the result of significant deviations from the normal equilibrium between these 2 factors in some species. Nearly neutral theory holds that, when effective population size is large, the power of purifying selection to remove slightly deleterious mutations is stronger than it would be in a small population. Thus, slightly deleterious mutations that would be selected against in a large population might be effectively neutral in a small population, reaching fixation in the small population through genetic drift (Kimura 1983; Ohta 1973 Ohta , 1974 Ohta , 1976 Ohta , 1993 . Small populations of rodents also may be subject to more frequent population bottlenecks and local extinction and recolonization events than are large populations. Therefore, smaller average population size may tend to promote a higher rate of evolution in a species. Populations of Drosophila provide empirical evidence for a rapid rate of evolution in the mtDNA of small populations with repeated founder events (DeSalle and Templeton 1988) .
Although few quantitative measures of population dynamics exist for most species studied here, a qualitative examination of population structure is consistent with the possibility that population size may affect rate of evolution of the cytochrome-b gene in rodents. Among rodents with the highest nonsynonymous substitution rates, pocket gophers (Cratogeomys, Geomys, Pappogeomys, and Thomomys) are characterized by small effective population sizes and high levels of population subdivision. Genetic diversification among populations can be as much as 2-5 times greater than that of other small mammals (Patton 1990) . Heterocephalus glaber also occurs in disjunct, genetically differentiated populations, each of which consists of only a very small number of breeding individuals (Jarvis and Bennett 1990) . Analysis of genetic data suggests frequent population bottlenecks in H. glaber (Honeycutt et al. 1991) . Another fossorial rodent, the tuco-tuco (Ctenomys) also is characterized by a patchy distribution, population dynamics that favor differentiation (Reig et al. 1990) , and high levels of genetic subdivision among populations (Gallardo et al. 1995) . Spalax also shows evidence of population subdivision, although in certain parts of its range, the degree of subdivision appears to be lower than that seen in other fossorial rodents (Nevo 1979; Savic and Nevo 1990 ). Effective population size and degree of population subdivision are not known for Chaetodipus species (Patton and Rogers 1993) . However, population size in Chaetodipus appears to fluctuate dramatically over time (up to 100 fold) in accord with unpredictable climatic cycles (Brown and Harney 1993), potentially contributing to the higher rate of evolution observed here. Little is known about population dynamics of Thrichomys species or other rodents with relatively high rates of evolution. Among the more slowly evolving rodents (Fig. 3) , Sciurus carolinensis shows little population subdivision (Moncrief 1987) , as does M. musculus, at least when measured over large areas (Wright 1978) . Another of the more slowly evolving rodents, M. flaviventris, despite having a patchy geographic distribution, shows little population subdivision as a result of high levels of male dispersal (Schwartz and Armitage 1980) . Finally, Hystrix africaeaustralis shows no evidence of either small population size or patchy distribution, because dispersal of young individuals seems to be retarded by high population densities in the absence of culling (van Aarde 1987) .
The foregoing accounts suggest differences in the population size of rodents with different rates of cytochrome-b evolution. This observation is supported by quantitative estimates of population subdivision, as measured by F ST (Wright 1951) . Although available data were few, F ST -values were associated with rate of nonsynonymous substitution (U ϭ 9, P ϭ 0.0495; Table 4 ). The degree to which this relationship is influenced by phylogeny (if at all) cannot be determined because of the paucity of data points, which precludes a thorough comparative analysis. Thus, final resolution of this issue will require analysis of genetic data regarding the population structure of a larger number of rodent species.
Comparison with other studies of rodents.-The heterogeneity in rate of evolution observed in the cytochrome-b gene seems to be paralleled by other mitochondrial genes. For example, Honeycutt et al. (1995) reported a significantly greater overall number of substitutions in the COII gene of Cratogeomys and Geomys than in that of Mus and Rattus. As in the cytochrome-b analysis, no significant difference was found in rate of synonymous substitution (measured by 3rd-position transversions) in the COII gene, but synonymous-site substitutions appeared saturated (Honeycutt et al. 1995) . However, when only nonsynonymous substitutions in COII were examined, no significant difference in rate of evolution was evident between Geomys and Mus (Adkins et al. 1996) , suggesting that differences in rate of evolution may not be as great in the COII gene as they are in the cytochrome-b gene for these taxa. Looking at the mitochondrial 12S rRNA gene, Nedbal et al. (1996) provided evidence that the pocket mouse (Perognathus) has a high rate of evolution compared with several other rodents, including Hystrix, Mus, and Rattus. We show here that Chaetodipus, a relative of Perognathus, also has a relatively high rate of cytochrome-b evolution compared with Hystrix, Mus, and Rattus. Therefore, the same factor or factors causing the high rate of evolution of the cytochrome-b gene also may be affecting rate of evolution in the COII and 12S rRNA genes.
CONCLUSIONS
Metabolic rate, body size, generation time, and effective population size vary through evolutionary time. These changes likely introduce substantial noise to com-parisons of physiology and life-history parameters with rate of evolution. Despite this potential source of noise, several researchers have reported observing correlations between rate of evolution and other factors (e.g., Adachi and Hasegawa 1996; Li et al. 1996; Martin and Palumbi 1993) . However, heterogeneity in rate of evolution of the cytochrome-b gene is not consistent with the usual explanations for increased rate of mutation, including metabolic rate, body size, generation time, or nucleotide-generation time. An increasing number of studies report no significant relationship between rate of evolution and either metabolic rate (Bromham et al. 1996; Mindell et al. 1996; Mooers and Harvey 1994 ; this study) or generation time (Crozier et al. 1989; Zhang and Ryder 1995; this study) . Likewise, we see no evidence suggesting that differences in rate of cytochrome-b evolution observed among these rodents are the result of differential selection relating to environmental influences or life history.
The strongest correlate of rate of evolution in our data seems to be population subdivision, a factor that has long been known to influence allele frequency and heterozygosity of nuclear genes through genetic drift (Wright 1949 (Wright , 1951 . Because the mitochondrial genome is maternally inherited in a clonal fashion, effective population size of mtDNA is even smaller than that of nuclear genes, thereby leading to an even higher rate of fixation through drift in mitochondrial genes than in nuclear genes (Birkey et al. 1983 ). Effective population size has been implicated as a possible factor influencing rate of evolution in other animals (Crozier et al. 1989; DeSalle and Templeton 1988; Easteal and Collet 1994) , although it almost certainly is not a universal explanation of evolutionary rate heterogeneity (Irwin and Arnason 1994) .
Clearly, large-scale, comprehensive analyses of rate of evolution are needed before any general conclusions concerning sources of rate heterogeneity can be reached. For nearly every idea advanced thus far to explain molecular rate heterogeneity, Ն1 counterexample exists in the literature. Currently, predicting which taxa will have similar rates of evolution and which will have different rates is impossible. A large number of variables, and potentially complex interactions among those variables, may exist that can influence rate of evolution of any particular gene. Furthermore, relative importance of each variable influencing evolutionary rate likely may differ over time, over space, and across genes. Examples of rate heterogeneity available at present have provided insight into some of the factors that may influence rate of evolution, including metabolic rate, generation time, and population size. However, as examples of rate heterogeneity increase in number, these initial explanations may be shown to be oversimplifications of an extremely complex process.
Because heterogeneity in evolutionary rate still is somewhat unpredictable, molecular clocks should be used cautiously, even within orders or suborders of mammals and even when metabolic rate and generation time are similar for the species being compared. A relatively small difference in estimated rate of evolution can lead to very different conclusions about timing of historical events (Arbogast 1999). Application of relative-rate tests may help remove this potential pitfall. If rates of evolution differ between groups, relative-rate tests may provide a means to estimate the magnitude of the difference, thereby providing a correction factor for use when estimating divergence times in 1 group based on the molecular clock of the other. However, without use of such information, attempts to determine timing of historical events likely will be compromised by presence of heterogeneity in evolutionary rate.
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